Using the B → K1 form factors evaluated in the perturbative QCD approach, we study semileptonic B → K1(1270)l + l − and B → K1(1400)l + l − decays, where K1(1270) and K1(1400) are mixtures of K1A and K1B which are 3 P1 and 1 P1 states, respectively. Using the technique of helicity amplitudes, we express the decay amplitudes in terms of several independent and Lorentz invariant pieces. We study the dilepton invariant mass distributions, branching ratios, polarizations and forward-backward asymmetries of B → K1l + l − decays. The ambiguity in the sign of the mixing angle will induce very large differences to branching ratios of semileptonic B decays: branching ratios without resonant contributions either have the order of 10 −6 or 10 −8 . But the polarizations and the forward-backward asymmetries are not sensitive to the mixing angles. We find that the resonant contributions will dramatically change the dilepton invariant mass distributions in the resonant region. We also provide the angular distributions of B → K1l + l − → (Kππ)l + l − decays.
I. INTRODUCTION
Semileptonic and nonleptonic B decays provide an ideal place to precisely test the standard model (SM) and search for new physics (NP) scenarios beyond the SM. The flavor-changing neutral-current(FCNC) b → s transitions are induced by the loop effect in the SM, thus the relevant decay rates are typically small. The NP models can either enhance the Wilson coefficients or introduce new kinds of effective operators. Through the measurements of observables such as branching ratios and direct CP asymmetries in semileptonic and nonleptonic B decays, experimentalists may figure out those contributions from the NP models. Correspondingly, the b → s transitions have received lots of consideration.
Besides the B → K * γ and B → K * l + l − , radiative and semileptonic B decays involving an axial-vector meson in the final state are also sensitive to the NP contributions. In the quark model, there are two kinds of axialvector mesons: the quantum numbers are J P C = 1 ++ or J P C = 1 +− , where P, C denotes the parity and charge parity of the meson, respectively. The two strange axial-vector meons K 1A and K 1B can mix with each other and form two physical states K 1 (1270) and K 1 (1400). But the mixing angle is not uniquely determined only using the τ → K 1 (1270)ν and τ → K 1 (1400)ν data. Thus radiative and semileptonic B decay channels not only provide valuable information on weak interactions but also offer an opportunity to detect the internal structure of the K 1 mesons [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13] . In our previous work [14, 15] , we have studied the B → A form factors in the perturbative QCD (PQCD) approach. The predicted form factors are consistent with many nonleptonic B → AP decays such asB 0 → a ± 1 π ∓ [16, 17] .
Semileptonic B → Alν decays have also been studied and will be put on stringent experimental tests in the future. In the present work, we will investigate the B → K 1 (1270)l + l − and B → K 1 (1400)l + l − decays, including the dilepton invariant mass distributions, branching ratios, polarizations and forward-backward asymmetries. We will use the helicity amplitudes to decompose the decay amplitudes into several independent and Lorentz invariant pieces. All of them can be easily evaluated in convenient frames. Our results are helpful to fix the mixing angle with the help of the future data, for example, branching ratios are found to be sensitive to the sign of mixing angles. Since the K 1 meson can only be reconstructed by at least three pseudoscalar mesons, the angular distributions inB →K 1 l + l − → (Kππ)l + l − decays are investigated. This paper is organized as follows. In Sec. II, we will introduce the effective Hamiltonian which is responsible forB →K 1 l + l − decays. Results for the B → K 1 form factors in the perturbative QCD approach are collected in Sec. III. In Sec. IV, we will construct the decay amplitudes in terms of helicity amplitudes. The dilepton spectrum, the branching ratios, and the forward-backward asymmetries in theB →K 1 l + l − decay are then studied. At the end of this section, we present some discussions on angular distributions. Our conclusion is given in the last section. In Appendices A, B and C, we give the explicit expressions for the effective Wilson coefficient C ef f 9 , the mixing of the K 1 mesons, and the technique of helicity amplitudes, respectively.
II. EFFECTIVE HAMILTONIAN
The effective Hamiltonian responsible for the b → sl + l − transition is given by
where V tb and V ts are the Cabibbo-Kobayashi-Maskawa matrix elements. C i (µ) are the Wilson coefficients, and the local operators O i (µ) are given by [18] 
where
with m b as the b quark mass in the MS scheme. C eff 7 = C 7 − C 5 /3 − C 6 and C eff 9 contains both the long-distance and short-distance contributions, which is given by 
where m A is the mass of the axial-vector meson. The relation 2m
In the PQCD approach, we find that this relation for the whole kinematic region becomes
where r 2 = mA mB and ρ = 1 − q 2 /m 2 B . Numerical results for the B → K 1 (1270) and B → K 1 (1400) form factors are quoted from our previous work [14, 15] and collected in Table I . The form factors in the large recoiling region are directly calculated. In order to extrapolate the form factors to the whole kinematic region, we have adopted the dipole parametrization for the form factors
The errors in the results are from: the decay constant of B meson and shape parameter ω b ; Λ QCD (0.25 ± 0.05)GeV and the factorization scales; Gegenbauer moments of axial-vectors' light-cone distribution amplitudes (LCDAs).
Physical states K 1 (1270) and K 1 (1400) are mixtures of K 1B and K 1A , while the mixing angle is usually constrained using the τ − decays. The solution for the mixing angle is found to be twofold: θ K = (−38 ± 11)
• and θ K = 
Since the differential decay rates depends on the mixing angle, we have given the results at several mixing angles as shown in the diagrams. The character "Y"("N") in the brackets in the diagrams denotes that the resonant contributions are (not) taken into account.
(48.5 ± 11.5)
• . The large uncertainties mainly arise from the experimental data of the branching ratios, see Appendix B. In the following, we will focus our investigation on these two ranges of the mixing angle. By reexpressing the metric tensor g µν with the polarization vectors and momentum, we can decompose the amplitude of semileptonic decays into two Lorentz invariant part, the leptonic amplitude L(L/R, i) and the hadronic amplitude H(L/R, i), where i = 0, + or − denotes the three different polarizations of the axial-vector K 1 . For more details about the helicity amplitudes and definitions of the angles in the angular distribution, see Appendix C. Combining the leptonic amplitudes, the hadronic amplitudes and the phase space together, the partial decay width is given as
A. Dilepton Mass Distributions
With θ 1 and φ integrated out in Eq. (8), one obtains the dilepton mass spectrum of B → K 1 l + l − decay:
The differential decay rates can be obtained by summing the three different polarizations of the axial-vector meson:
where τ B is the lifetime of the B meson.
In Fig. 1 , we give our results of the differential decay rates of
To show the dependence on mixing angles, we give the results at several reference points:
• . The first feature in these diagrams is the threshold enhancement for the dilepton's invariant mass distributions. These enhancements are caused by the q 2 in the denominators of the terms with C 7L and C 7R in the transverse decay widths as shown in Eqs. (C15), (C16), (C18) and (C19). If the leptons' masses are taken into account, the invariant masses will have a minimum q 
B. Decay Widths and Branching Ratios
Integrating over q 2 in (9), one can obtain the decay width
where we have introduced a small cutoff for the invariant mass of the lepton pair in the integration. The three branching ratios are given by
where Γ tot is the decay width of the B meson. The transverse and total branching ratios are defined by
The polarization parameter, the ratio of the longitudinal and transverse decay width, is defined by
Our predictions on the branching ratios and polarizations are collected in Table II , where the resonant contributions from V (cc) are not taken into account. From this table, we can see that the total branching ratios are sensitive to the mixing angles. The two kinds of B → K 1 form factors shown in Table I are similar in size but have different signs. If the mixing angle is chosen as −38
• which is very close to −45 • , the B → K 1 (1270) form factors are expected to be very small while the B → K 1 (1400) form factors are large. Thus the branching fraction of B → K 1 (1270)l + l − is much larger than that of B → K 1 (1400)l + l − . On the contrary, if the mixing angle is chosen as 48.5
• which is close to
. It is clear that the three branching fractions obey the relation for all mixing angles:
From Table I , we can see the form factors T 1 and T 2 have similar magnitudes at q 2 = 0, and so are V 1 and A. Thus 
... the functions H(L, +) and H(R, +) are suppressed due to the destructive contributions from these form factors while the other two functions H(L, −) and H(R, −) are enhanced.
Since there are large uncertainties in the mixing angle θ K , we give the dependence on the mixing angle θ K of the branching ratios in Fig. 2 . As indicated from these diagrams, the ranges of the branching ratios shown in diagram (a), (b), (c) and (d) respectively.
C. Ratios of decay widths
To shed more light on the mixing angle θ K , it is useful to define the ratio of the partial decay widths as a function of q 2 . Our results for the R dΓ/dq 2 are shown in Fig. 3 , where the resonant contributions are not taken into account. In each of the diagrams, three lines corresponding to different values of mixing angles are presented to show the θ K dependence of R dΓ/dq 2 . As indicated from the two diagrams in this figure, the shape of the ratio R dΓ/dq 2 strongly depends on the mixing angle θ K . For negative values of θ K , these is a peak in the region 14GeV 2 < ∼ q 2 < ∼ 15GeV 2 and it becomes shaper when θ K decreases from −27
• to roughly −40
• , a maximum appears at the point around q 2 = 2GeV 2 . The situation is also similar for the positive values of the mixing angle θ K . These behaviors arise from the fact that the mixing angle is close to ±45
• and B → A form factors have similar magnitudes. We also calculate the ratio
and the dependence on θ K is depicted in Fig. 4 . From these two diagrams, we can see that the ratio R is very sensitive to the value of mixing angle. The maximum(R max ≈ 46) appears roughly at θ K = −47
• , while the minimum(R min ≈ 0.015) appears at θ K = 43
• . If we adopt the two reference points, the predictions on R are given by
−18 , R = 0.02 
D. Forward-backward asymmetry
The differential forward-backward asymmetry ofB
while the normalized differential forward-backward asymmetry is defined by
, form factors of B → K 1B and B → K 1A give destructive contributions to B →
Thus the results suffer from large uncertainties. So in Fig. 5 , we only
give our results on the normalized forward-backward asymmetries
• . From these diagrams, one can see that the differential forward-backward asymmetries are not sensitive to the mixing angles. When the resonant contributions are absent, the positions of zeros of the forward-backward asymmetries are roughly q 2 = 3.55GeV for both diagrams.
E. Angular distributions ofB →K1l
Experimentally, the K 1 meson is reconstructed by at least three pseudoscalar mesons, thus the cascade decaȳ When integrating over the rotation angle around the normal to the decay plane, the interference between different F m vanishes and this gives 2J + 1 real parameters |R m | 2 [24] . Parity conservation provides additional constraints:
only the m satisfying the relation P = (−1) m+1 contributes. To be more specific, m = ±1 is required for thē
Following the angular distributions of B → V A decays [25] , the angular distributions ofB
where the asymmetry parameter r 1 is defined as
It should be pointed out that this parameter depends on the dynamics of K 1 → Kππ. r 1 would vanish if a symmetry with respect to the inversion of the normal to the decay plane is satisfied. For example, if the three-body decay goes through K 1 → Kρ → Kππ, the parameter r 1 is zero. The branching ratio of K 1 (1270) → ρK is very large, thus we expect that the terms proportional to r 1 will not contribute a lot to the B → K 1 (1270)l
But for the K 1 (1400) meson, the dominant channel is K 1 (1400) → K * π and this kind of symmetry does not exist.
V. CONCLUSIONS
Decays induced by FCNC have typically tiny branching fractions in the SM, which are very sensitive to the NP scenarios. Semileptonic B → K * l + l − and B → K 1 l + l − decays are ideal probes to detect the NP effect, as their observables receive less nonperturbative pollution than nonleptonic B decays.
Using the B → K 1 form factors evaluated in the PQCD approach, we study the semileptonic B → K 1 (1270)l + l − and B → K 1 (1400)l + l − decays, where l = e, µ. Applying the technique of helicity amplitudes, we express decay amplitudes in terms of several independent and Lorentz invariant pieces. We study the total branching fractions and polarizations ofB →K 1 l + l − decays. K 1 (1270) and K 1 (1400) are mixtures of K 1A and K 1B which are 3 P 1 and 1 P 1 states, respectively. The ambiguity in the sign of the mixing angle will induce much large differences to branching ratios of semileptonic B decays: branching ratios without resonant contributions either have the order of 10 −6 or 10 −8 . The future measurements of the branching fractions are helpful to discriminate the internal structures of the two strange mesons. Large differences in polarizations are also produced by the different mixing angles. We show that the long-distance contributions will sizably change the dilepton invariant mass distributions in the resonant region.
Since the K 1 meson can not be directly detected, experimentalists can perform the angular distribution analysis for theB
− decay channels which contain more information on the internal structures. With the help of helicity amplitudes, we directly give these angular distributions of theB C eff 9 in Eq. (3) contains both the long-distance and short-distance contributions, which is given by
Y pert represents the perturbative contributions, and Y LD is the long-distance part. The Y pert is given by [20] 
The relevant Wilson coefficients, listed in Table III , are given up to the leading logarithmic accuracy [18] . The long-distance part Y LD denotes the contributions of B → K 1 V resonances, where V is a vector meson. Because of the large decay width of B → K 1 V (cc), only the contributions from charmonium states are taken into account [19] :
κ V is introduced to give correct predictions on the decay rates of B → K 1 V (cc) in the factorization approach. With the available data, this parameter can be obtained through fitting the decay rates. For example, κ V for B → J/ΨK * is determined as κ V = 2.3 [21] . Except for the branching ratio ofB 0 → J/ΨK 1 (1270) [22] , there is no experimental study on B → K 1 V (cc). We will assume the same value for κ V in B → K 1 V (cc) due to the lack of data. In Table IV , we list the properties of the vector charmonium states: mass, width, and branching fractions of the leptonic decay channel V → l + l − [22] .
APPENDIX B: MIXING BETWEEN K1(1270) AND K1(1400)
The physical states K 1 (1270) and K 1 (1400) are mixtures of the K 1A and K 1B states with the mixing angle θ K :
In the flavor SU(3) symmetry limit, these mesons do not mix with each other; but since the s quark is heavier than the u, d quarks, K 1 (1270) and K 1 (1400) are not purely 1 3 P 1 or 1 1 P 1 states. Generally, the mixing angle can be determined by the experimental data. One feasible method is making use of the decay τ − → K 1 ν τ , whose partial decay rate is given by
with the measured results for branching fractions [22] 
The longitudinal decay constants (in MeV) can be straightforwardly obtained 
In principle, one can combine the decay constants for K 1A , K 1B evaluated in QCD sum rules [23] with the above results to determine the mixing angle θ K . But since there are large uncertainties in Eq. (B5), the constraint on the mixing angle is expected to be rather smooth:
• , or 37
where we have taken the uncertainties from the branching ratios in Eq.(B4) and the first Gegenbauer moment a K1 1 into account but neglected the mass differences. As indicated from Eq. (B6), the mixing angle θ K still has large uncertainties. To reduce the uncertainties, we have proposed to useB 0 → D + K − 1 to constrain the mixing angles [15] . At present, we will use the two reference points:
• , θ K = (48.5 ± 11.5)
APPENDIX C: HELICITY AMPLITUDES Decay amplitudes for b → sl + l − decays in Eq. (3) can be rearranged as
where C 7L = Suppose there exists an intermediate vector state whose momentum is denoted as q. The polarization vectors are denoted as ǫ(λ), where λ = 0, ± denotes the three kinds of polarizations. The metric tensor g µν can be decomposed into combinations of polarization vectors and momentum:
In the SM, the lepton pair in the final state is produced via an off-shell photon, or a Z boson or some possible hadronic vector mesons. The different intermediate states may give different couplings but the amplitudes share many commonalities: the Lorentz structure for the vertex of the lepton pair is either V − A or V + A or any combinations of them. Thus the decay amplitudes ofB →K 1 l + l − can be redefined as
where L(L), L(R) are the lepton pair spinor products:
Inserting a metric tensor g µν and substituting the identity in Eq. (C2) into the decay amplitudes, one obtain two independent parts:
where q µ is the momentum of the lepton pair. L(L, λ) = L µ (L)ǫ µ (λ) and L(R, λ) = L µ (R)ǫ µ (λ) denote the Lorentz invariant amplitudes for the lepton part. It is also similar for the Lorentz invariant hadronic amplitudes: H(L, λ) = H µ (L)ǫ * µ (λ) and H(R, λ) = H µ (R)ǫ * µ (λ). The last term (proportional to q µ ) in the metric tensor g µν vanishes: using equation of motion, this term is proportional to the mass of the lepton which has been set to zero.
In the B meson rest frame, the hadronic transition amplitudes are given by 
